Machine-Type Communication (MTC) is a rapidly growing technology which covers a broad range of automated applications and propels the world into a fully connected society. Two new use cases of MTC are mMTC and URLLC, where mMTC support a large number of devices with high reliability and low rate connectivity while URLLC refers to excessively low outage probability under very stringent latency constraint. Herein, we examine the URLLC through three cooperative schemes, namely dual-hop DF, SC and MRC, and compare to direct transmission under Rayleigh fading. We compare the performance of studied cooperative protocols under two distinct power constraints with respect to latency and energy efficiency. Moreover, we illustrate the impact of coding rate on the probability of successful transmission in ultra-reliable region in addition to the effect of power allocation on the outage probability. We also provide the performance analysis of cooperative schemes in terms of energy efficiency and latency requirements.
Introduction
The fifth generation (5G) of cellular networks for beyond 2020 envisages to handle two new use cases in Machine-Type Communications (MTC), namely UltraReliable Low Latency Communications (URLLC) and massive MTC (mMTC) [1] . In MTC, MTC devices autonomously communicate with minimum human cooperation [2] , [3] . 5G communication technology should be flexible enough to support ultra-reliable low latency communications by guaranteeing reliability greater than 99.999% [4] . Key challenges and requirements of 5G technology such as latency, data rate, energy and cost issues are discussed in more details in [1] , [5] , [6] .
In recent years, MTC has gained much attention from the mobile network operators, equipment vendors and academic researchers due to such novel communication paradigm, the capability of exchanging short data messages and also being cost-effective, energy efficient [7] , [8] ; reliable and within a stringent delay requirement. MTC takes advantage of several distinctive properties such as group-based communications, low mobility, time-controlled, time-tolerant and secure connection which are at the same time challenging tasks since technically advanced solutions are needed to deliver the required tasks. Within the application requirements, hence, opening up different research areas is currently being carried out in academia, industry, and standards bodies [9] . Current technologies cover a small range of applications and services while the upcoming MTC should be able to cover a broad arXiv:1808.08108v1 [cs.IT] 24 Aug 2018 range of services with multiple forms of data traffic in order to deal with different service requirements as data rate, latency, reliability, energy consumption and security [6] , [10] . Future MTC improvements will be conspicuous in health-care, logistics, process automation, transportation, e.g [11] , [6] . In mMTC a huge number of devices in a specific domain are connected to the cellular network with low-rate and low-power connectivity, different quality-of-service (QOS) requirements and high reliability to support demanding situations, e.g. smart meters, actuators [12] , [13] .
Moreover, MTC services have to met stringent timing constraints from few seconds to even excessively low end-to-end deadlines in mission critical communications [14] , connection between vehicles, remote control of robots in addition to an extreme low end-to-end latency in the scope of less than a millisecond which is a key enabler in several services including cloud connectivity, industrial control, road safety [1] , [11] , [15] . Latency refers to the time duration between transferring the message from the transmitter and receiving correctly at the receiver where some messages drop due to the buffer overflows, unsuccessful synchronizations, unsuccessful decoding which result in unlimited delay [1] . Hence, we can define the reliability as the probability of successful transmission under the predetermined delay constraint [1] , [16] . In URLLC, high probability of successful transmission indicates low outage probability (or packet drop) while the opposite does not always hold as the reliability is restricted to a specific latency budget due to the limited amount of channel uses [1] . Hence, one of the major requirements of URLLC is a extremely low outage probability under a very demanding latency budget where retransmissions are not always available. In the use of short messages under URLLC, new robust channel codes are needed; otherwise, the performance of the system will be even further away from the Shannon limit with long data packets [17] .
Under Shannon's channel coding theorem, error-free communication is attained when the blocklength goes to infinity [18] . For instance, authors in [19] , provide a tight approximation of achievable coding rate under finite blocklength (FB) regime and indicate a noticeable performance loss compared to the Shannon coding. This motivates us to analyze the performance of MTC under FB regime since in URLLC, due to the equal packet length of metadata and information bits, an unsuccessful encoding of the metadata decreases the system efficiency [15] . In the past few years, several works have studied different aspects of FB coding since majority of the theoretical results assume infinite blocklength (IFB). For instance, authors in [20] , examine some possible FB coding schemes which may be applied in 5G technology. They show that novel coding schemes with better minimum distance between the codewords, improve the efficiency of system at the cost of more sophisticated decoders. Moreover, the performance of spectrum sharing networks with FB codes are studied in [21] . The blocklength of information bits highly affects the system quality where an optimal power allocation technique improves the system efficiency with short message transmissions. Furthermore, authors in [22] , propose a new power allocation technique, so-called modified water-filling in order to maximize the lower bound of the coding rate with short packet transmission compared to the common water-filling method. In addition, performance of ARQ protocol in terms of throughput and average latency is studied in [23] . Authors determine the optimal lengths of the codeword which minimize the latency and maximize the throughput per-user for an specific number of information bits. They illustrate that with optimal codes, the shorter the codeword is, the lower outage probability attains.
On the Impact of Cooperative Diversity
Cooperative diversity provides the possibility of high data rate; while improving the reliability. In cooperative networks, intermediate nodes transfer the message from the source to destination [24] . Cooperative technique exploits the spatial diversity gain to reduce the impact of wireless fading from multipath propagation. The major advantage of this technique is that the several independent copies of a signal arrive at the destination without installing collocated antennas at the source or receiver in addition of a better signal quality, better coverage, greater capacity and lower transmit power [25] , [26] . The most conventional cooperative scheme is decodeand-forward (DF), where the auxiliary node, namely relay, decodes, encodes and retransmits the message [25] . Cooperative schemes are categorized as fixed, adaptive and feedback schemes [25] . In the fixed protocol, relay always forwards the message to destination while in adaptive protocol, the relay retransmits the message under a predefined threshold rule which enables that to communicate independently or not. In the feedback protocol, if the destination requests, the cooperation takes place [25] . During the past few years, the efficiency of cooperative networks has been investigated in several system and channel models. Authors in [27] , propose a method that meet the high reliability and latency requirements through taking the advantage of cooperative relaying technique. Moreover, authors in [26] , provide a comprehensive study regarding the exiting cooperative schemes and analyze the performance of each scheme. Relaying performance of quasi-static Rayleigh channels where the channel gains of the direct link and relaying are combined at the destination, is studied in [18] . They indicate that the performance loss increases if the outage probability of the source-to-relay link is higher than the overall outage probability. The efficiency of multi-relay DF scenario under the assumption of perfect channel-state-information (CSI) and partial CSI is provided in [28] . Authors show that with perfect CSI, the throughput of IFB is smaller than the throughput with FB coding. Authors in [29] , examine the throughput of a multi-hop relaying network under FB and IFB regimes with two assumptions: iqtarget overall outage probability iiqconstant coding rate. They illustrate that there is different but optimal number of hops which maximize the throughput for either FB or IFB assumptions. In addition, they indicate that the FB-throughput is quasi-concave in the overall outage probability and coding rate. Furthermore, authors illustrate that the multi-hop network is less affected by the blocklength under the constant coding rate assumption compared to the target overall outage probability scenario. Moreover, [51] studies the performance of DF relay network in dissimilar Rayleigh fading channels. Although authors attain the closed form expression of the outage probability, but they do not consider the impact of finite blocklength coding. Furthermore, authors in [50] , study the achievable coding rate and ergodic capacity of non-orthogonal amply-and-forward (AF) multi relay network subject a total average power constraint (TAPC) and an individual average power constraint (IAPC). They indicate that the ergodic capacity can be attained by an iterative water-fillingbased algorithm. In addition, they show that in a multi relay NAF network, the transmit power at the source should be equally allocated in all broadcasting phases to cover the capacity at sufficiently high SNRs.
Moreover, in our previous work [30] , introduces relaying as means to achieve ultrareliable. We study the performance of cooperative relaying protocols, supposing Rayleigh fading channels. We show that relaying technique improves the reliability and how we can meet the ultra-reliable communication requirements. We examine the impact of coded blocklength and number of information bits on the probability of successful transmission. In addition, it is shown that relaying requires less transmit power compared to the direct transmission (DT) to enable ultra-reliable under FB regime. We also provide an approximation to the outage probability in closed form. We extend our work in [30] , by considering ultra-reliable MTC with incremental relaying technique in [31] . We define the overall outage probability in each studied relaying scheme, assuming Nakagami-m fading. We investigate the impact of fading severity and power allocation factor on the outage probability. We also provide the outage probability in closed form. Our works in [31] and [30] show that cooperative diversity os useful to meet URLLC requirements.
Energy Efficiency of Cooperative Communication
Another key characteristic of wireless communications that highly affect the performance of 5G networks, is the energy efficiency (EE) due to the limited energy resources in energy-constraint networks [32] , [33] . EE which has been widely studied recently literatures, is defined as the ratio of successfully transmitted bits to the total consumed energy [34] , [35] . Hence, reducing the amount of energy-per-bit, improves EE at low SNR regime [33] , particularly in wireless networks where the batteries which are not rechargeable or easy to charge, supply the wireless components [34] . The reason which motivates us to study EE in the context of URLLC is that,URLLC is achieved at the cost of high transmit power [36] , [37] , but we aim to show that cooperative diversity alleviates these demands.
In early works, authors in [35] , examine EE in tactile Internet under queuing and transmission delays to design an energy efficient resource allocation strategy. They propose an optimal resource allocation strategy where the average total consumed power under stringent latency constraint equals to that with unlimited queuing latency requirement with plenty of transmit antennas. Moreover, [34] , provides a comprehensive overview of energy-efficient networks, and determines the trade-off between energy efficiency and spectrum efficiency and their applications in 5G networks.
Our Contribution
In this work, we further study three cooperative protocols, namely DF, selection combining (SC) and MRC. Furthermore, we indicate the superiority of MRC over SC and DF protocols in terms of coding rate and reliability. We also show the optimal value of power allocation at the source and relay in each of studied protocols. Moreover, we examine the minimum latency and energy efficiency in cooperative schemes under two different power allocation constraints. The following are considered the contributions of this work.
• We provide the general expression of the outage probability for each relaying scheme studied in this work.
Broadcasting phase
Relaying phase Figure 1 System model for relaying scenario with a source, destination and a decode-forward relay. This figure illustrates the system model for cooperative decode-and-forward relaying scenario including a source, a relay, and a destination. The links between S to D, S to R, and R to D are referred as the direct link h 1 , broadcasting link h 2 and relaying link h 3 each of which with n i channel uses respectively, where i P tS, Ru.
• We extend the work in [18] , by proposing the closed form expression for the outage probability.
• We extend our previous works in [30] , [31] by studying the minimum latency and energy efficiency under two distinct power constraints, so-called i) equal power allocation (EPA) and ii) optimal power allocation (OPA) strategies which are allocated numerically.
• We provide the asymptotic analysis of studied cooperative schemes.
The rest of this paper is organized as follows. Section 2 presents the system model. Section 3 discusses the cooperative diversity and examines the outage probability in three cooperative schemes considered in this work, and Section 4.1 presents some numerical results regarding the performance of studied cooperative schemes under URR. Section 4.2 investigates the energy efficiency of considered cooperative schemes and presents some numerical results. Finally, Section 5 concludes the paper. The important abbreviation and symbols are listed in Table 1 . Fig.1 illustrates a DF relaying scenario including a source S, destination D and a decode-forward relay R. We normalize the distance of S to D as d SD " 1m, and that R can move in a straight line between S and D, while the distance between S and R is denoted by d SR " βd SD and the distance of the relaying link is denoted by d RD " p1´βqd SD . The links denoted by the following random variables X, Y and Z represent the S-R, R-D and S-D links respectively, and each transmission uses n i channel uses where i P tS, Ru. This means that n S channel uses in the broadcasting phase and n R channel uses for the relaying phase. In this scenario, first S sends the message to the D and R in the broadcasting phase and if R successfully decodes the message, forwards it to the D in the relaying phase [18] . The received signals in the broadcasting phase are denoted as y 1 and y 2 , and only if R collaborates with S, the received signal at D is y 3 as follow [18] 
Preliminaries

System Model
where x is the transmitted signal with power P and w i is the AWGN noise with power N 0 " 1 where i P tX, Y, Zu. Quasi-static Rayleigh fading channels in the S-D, S-R and R-D links are denoted as h 1 , h 2 and h 3 , respectively. In this work, we consider two distinct power constraints, namely i) EPA where equal powers are allocated to S and R and ii) OPA where total power of S and R is equal to the maximum power. In a DF-based relaying protocol, the instantaneous SNR depends on the total power constraint P " P S`PR " ηP`p1´ηqP , which is given by
is the power allocation factor considered to provide a fair comparison between DT and cooperative transmissions and η " 0.5 with EPA. Hence, the average SNR in each link is γ Z " ηP {N 0 , γ X " ηP {N 0 and γ Y " p1´ηqP {N 0 .
Performance Analysis of Single-Hop Communication under the Finite Blocklength
Regime In this section we revisit the concept of FB coding. In a single hope communication, first k information bits are mapped to a sequence, namely codeword including n symbols. Afterwards, the created codeword passes the wireless channels and channel outputs map into the estimate of the information bits. Thus, for a single-hop communication with blocklength n, outage probability and the average power constraint ρ, where 1 n ř n i |x i | 2 ď ρ holds, the maximum coding rate R˚pn, q of AWGN channel in bits is calculated as
where, Cpρq " log 2 p1`ρq is the positive channel capacity and V pρq " ρp2`ρq L p1`ρq 2 is the channel dispersion [15] . According to (2) , the outage probability is given by
which holds for the AWGN channels where the channel coefficient h i is equal to one. While for quasi-static fading channels, we attain the outage probability as follow [15] « E
Note that (4) is accurate for n ą 100, as proved for AWGN channels [19, Figs. 12 and 13] , as well as for fading channels as discussed in [38] . In addition, in the relaying schemes, we assume that S can encode k information bits into n S channel uses, while R uses n R channel uses. Hence, S and R could employ more sophisticated encoding technique than [18] , [39] .
Closed-Form Expression of the Outage Probability
Unfortunately, (4) does not have a closed-form expression, but it can be tightly approximated as we shall see next. 
Lemma 1
The outage probability is approximated as
where θ m "
Proof Let us first define gpxq " ? n
Cpρq´R
?
V pρq , then we resort to a linearization of the Q-function [21] , [40] Kptq « Qpgpxqq "
where θ " 2 R´1 , ϑ " θ`a π 2 µ´2, " θ´a π 2 µ´2. Then, we calculate E X rQ pgpxqqs " ş 8
0
Kptqf X pxqdx, where f X pxq is the probability density function (PDF) of the SNR of the link X, and the solution is given in (5).
Remark Moreover, we compare the accuracy of linearized Q-function in (6) to original Q-function in (3) as indicated in Fig.2 . The difference between these two plots does not have a noticeable impact on the outage probability since we find the approximated outage probability in (5) via integrating over the SNR range and due to the symmetric property of the function as evinced by Fig.2, regions that show the difference between the original and linearized Q-function, cancel each other and so, this difference becomes negligible as illustrated in Fig.3 . Thus, we can notice that error defined by error " | ´ app | is approximately equal to zero which shows the accuracy of the linearized Q-function applied in the closed form expression of the outage probability. Fore example, the maximum error over the entire SNR range is about 0.03%. Similar conclusion holds for other values of R. Figure 3 Comparing the accuracy of approximated outage probability in (4) and (5) with R" 0.2 (bpcu). This figure compares the accuracy of outage probability with the numerical integral of Q-function in (4) to the approximated outage probability in (5).
The Proposed Method
In this section, we investigate the outage probability of cooperative DF, SC and MRC protocols under the FB regime. The direct transmission model is used here as the basis of the comparison.
Direct Transmission
The source sends the message directly to the destination, where Ω Z 1 " Z{η " P |h SD | 2 {N 0 , with average SNR γ Z 1 " P {N 0 , where the outage probability is calculated as in (5) but ζ with P S " P and µ with n " n S .
Dual Hop Decode-and-Forward (DF)
In this scheme, since the S-D distance is too large, it assumes that the direct link is in the outage; thus, R always collaborates with the source. Hence, S sends the message to both R and D in the broadcasting phase. Then, R transfers the message to D [41] . The overall outage probability is given by
where SR and RD are calculated according to (5) . Notice that we update ζ with P S " ηP , P R " p1´ηqP and µ with n " n S , n " n R , respectively. This scenario can be analyzed as selection combining (SC) or maximum ratio combining (MRC) depending on how the destination combines the original transmitted signal and the retransmitted signal.
Selection Combining (SC)
In this protocol, R starts to collaborate with S if the destination confirms that the source transmission was unsuccessful and so, the destination requests for retransmission from R to receive the frame correctly. Cooperation occurs if R decodes the received message from S correctly and so, transfers the message to D. Thereafter, if D confirms that the transmission from R is also failed, D requests for the next subsequent message from S. Thus, the outage probability happens only if both S-D and R-D links are in outage [42] , [43] . The overall outage is given by
where SD is equal to (5) where ζ is updated with P S " ηP and µ with n " n S .
Maximum Ratio Combining (MRC)
In this scenario, relay always collaborates with the source and so, the channel gains of S-D and R-D links are combined at the receiver. Thus, the aggregated SNR is bigger than the primary attempted transmission rate as the S-D transmission failed. In addition, the outage probability occurs if S-D or R-D transmission fails. Hence, the instantaneous SNR is Ω W " Ω Z`ΩY [42] , [43] . The outage probability is [42] 
where SRD is the outage probability of the source-to-relay-to destination link, notice that the term SRD DF refers to the probability that D was not able to decode S message alone. In order to calculate the (9), first we need to attain the PDF of W , and then we calculate the outage probability as proposed in proposition 1. To do so, let W denote the sum of two independently distributed exponential random variables (RV), Z and Y . Then, f W pwq is [42] 
Since the RVs are independent, the proof is straightforward solution of f W pwq "
f Z pw´yqf y pyqdy [44] .
Proposition 1 The outage probability of the MRC of the S-D and R-D links
SRD , is equal to
where, ϑ and are specified in (6), and λ 1 "
Proof By plugging (10) into (5) and multiplying by the linearized Q-function Kptq, we attain
which is solved with help of [45, Eq. 2.321] and after some algebraic manipulations we attain (11) [30] .
Asymptotic Analysis
The outage probability in (5) can be defined as PrΩ i ď γ th s as the SNR goes to infinity, where γ th " 2 R´1 . Thus, the approximated asymptotic outage probability per link in Rayleigh fading channels is i " 1´expp´γ th {γ i q, where γ i is a function of β and P [36, §10] . Thereafter, we resort to Taylor series as γ th {γ i approaches zero as SNR Ñ 8, and so, exppxq « 1`x and attain an asymptotic expression as i « pγ th {γ i q [36, §11] . The asymptotic expression of after maximum ratio combining of S and R transmissions SRD is given in [42, §7] . Therefore, the outage probability is approximated as 
Numerical Results and Discussion
URLLC via Cooperative Diversity
In this section we show some numerical results of cooperative relaying transmission under FB regime. First, we show the impact of coding rate on the probability of successful transmission where MRC protocol outperforms DF, SC and DT in terms of reliability. We also indicate the minimum latency required to support URLLC. Thereafter, we show the optimal value of power allocation factor η for each of studied protocols. In addition, we compare the performance of cooperative relaying to DT in terms of power consumption and blocklength to perform under the UR region (URR). We verify the accuracy of our analytical model through the Monte-Carlo simulations. Unless stated; otherwise, assume maximum transmit power per link as 20 dB, n " 500, k " 500, and R is in between S and D, with β " 1 2 . The URR is shaded purple area in the following plots, and its most loose constraint is denoted with a red line where the outage probability is 10´3, thus 1´ " 99.9% reliability is feasible. Fig.4 compares the probability of successful transmission (P succ " 1´ ) as a function of coding rate in URR. We can clearly see that MRC supports URLLC with higher coding rates compared to DT, DF and SC schemes which is more evident with short packet lengths under the FB regime. Hence, MRC is less affected by the coding rate growth under the URR. For instance, with n " 400 and R" 0.43, MRC covers 99.999% reliability, while SC provides equal reliability as MRC but with lower coding rate as k " 153 and n " 400. In addition, with n " 400, reliability decreases to 99.9% and 99% with k " 133 and k " 293 for DF and DT schemes, respectively. Thus, URLLC is feasible via the cooperative schemes and we can apply each of these schemes based on our requirements such as reliability, packet length and number of transmitted information bits.
Reliability vs. Coding Rate
In Fig.5 we examine the impact of power allocation factor η on the probability of successful transmission. As mentioned earlier in Section 2, in order to provide a fair comparison between DT and cooperative schemes, we allocate powers to S and R according to the power allocation factor. In DF, outage probability is minimized via equal power allocation strategy while in SC and MRC, we exploit additional diversity of the direct link; thus, less power should be allocated to R as shown in Fig.5 . We also illustrate that URLLC is feasible through the cooperative schemes, particularly with SC and MRC where the outage probability is minimized to 0.2% and 0.1%, respectively. As we indicated in our previous work in [30] , these results holds for other values of SNR and coding rate.
In Fig.6 we compare the ultra-reliable performance of cooperative schemes to DT in terms of transmit power under equal power allocation constraint. We can clearly see the power gain attained via the cooperative protocols at high SNR regime where there is huge performance gap between cooperative schemes and DT. In addition, we indicate that MRC and SC protocols perform closely in the entire SNR range Figure 5 Impact of power allocation on the outage probability with k " 250, n " 500 and maximum SNR=20 dB. This figure illustrates the optimal value of power allocation factor for each of studied relaying scenarios, where the outage probability is minimized. We show that we have to allocate more power to the source to work in ultra-reliable region, and MRC requires more power at the source compared to the other studied protocols. Figure 6 Performance analysis of cooperative protocols with k " 500 and n " 500 under EPA. This figure compares the power consumption of studied cooperative schemes to direct transmission under the equal power allocation strategy. We show that under EPA, MRC requires less transmit power to work under ultra-reliable region compared to the other studied protocols. Monte-Carlo simulations confirm the accuracy and appropriateness of our analytical model. In addition, asymptotic expressions approach the analytical results as the SNR increases.
and consumes less transmit power to communicate under the URR in comparison to DF and DT. Figure 7 Outage probability analysis for DT, DF, SC and MRC under EPA. This figure compares the performance of cooperative schemes to direct transmission in terms of outage probability under the finite blocklength regime. We indicate that URLLC is feasible via cooperative diversity technique. We show the superiority of MRC and SC over DF and DT schemes under the finite blocklength regime.
In addition, we indicate the possibility of using asymptotic expressions in ultrareliable region. In other words, at high SNR regime, the maximum achievable coding rate (2) converges the asymptotically long codewords as R asym pn, q " C , where C " suptR : Prrlog 2 p1`ρq ă Rs ă u. In Fig.6 we show that the asymptotic expressions approach the analytical results as the transmit power increases. Fig.7 indicates the performance advantage of cooperative schemes over DT. Cooperative schemes exploit diversity gain which decreases the outage probability remarkably. As we expected, the outage probability decreases in blocklength. In addition, SC and MRC protocols are able to support URLLC under FB regime with very short packet lengths. Fig.8 indicates the total minimum latency required for URLLC under the FB regime with two distinct power constraints as i) EPA: P " ηP`p1´ηqP , where η " 0.5, and ii) OPA: P S`PR ď P . The choices of the minimum latency δ and optimal powers are in such a way that minimizes the outage probability constraint to a specific interval of interest and holds the power constraints which gives the optimal values of n and P , and is a nonlinear optimization problem as follows [1] . minimize pn, P q subject to P S`PR ď P, 100 ď n ď 10000. [1] We solve the optimization problem numerically with the Matlab function f mincon.
Interior point algorithm is used to solve the nonlinear optimization problem [46] . We set the minimum blocklength to 100 since (4) is accurate for n ą 100, as proved for AWGN channels [19, Figs. 12 and 13] as well as for fading channels as discussed in [38] , and to a maximum of 10 4 so to reduce the search range, and to be within URLLC boundaries. It shows that DT is not able to cope with the stringent latency constraint and need a large tolerance of delay; thus, we resort to cooperative protocols in order to reduce the latency in URR. It can be clearly seen that SC works highly better than DF and performs closely to MRC in the entire range but with higher latency requirements when we allocate equal powers to the S and R. We also indicate that under OPA constraint, SC outperforms MRC in terms of channel uses and is more energy efficient than MRC as we discuss about it in the following section, while with equal power allocation strategy, MRC requires less channel uses and consumes less transmit power as we can see in Fig.6 . Here, with equal power allocation strategy, the total power of S and R may be less than the maximum total power (20 dB) but in Fig.6 we force P S and P R to be equal with total power of P max . Therefore, according to the simulations, when R" 1 bpcu and P " 20 dB, higher reliability is feasible in Fig.6 compared to Fig.8 .
Energy Efficiency Analysis
Energy efficiency (EE) determines the trade-off between throughput gains and total energy consumed. Let us first define the total energy consumption per bit of each scenario. The total power consumed includes power of transmission with no dependency on the distance of relay nodes, consumed power in radio frequency(RF) circuitry and also coding rate [47] , [48] . Here, we ignore the baseband processing consumption since its value is negligible in comparison to the energy consumption of RF circuitry [49] .
Then the total energy consumption per bit of a single-hop transmission is
where P P A " P {φ is the power amplifier consumption for a single-hop transmission and φ is the drain efficiency of the amplifier, P T X and P RX are the power consumed for transmitting and receiving in the internal circuitry, respectively. In a similar way, we can also find the total power consumption of multi-hop schemes by determining the outage probability on S-R link in each cooperative schemes.
Cooperative Transmissions
The total power consumption for DF protocol depends on the outage probability of S-R link as follow
where the first term indicates that the consumed energy on the S-R link, while the second term shows that R could decode the message correctly and send the packet to D.
In the case of SC and MRC, the total power consumption is formulated as follow
where j P tSC, M RCu and SR is calculated by (5) accordingly to each method. The additional P RX in each term of (17) compared to the (16), corresponds to the transmission of S, which is heard by both R and D and destination decodes S-D and R-D transmissions, simultaneously. Hence, the EE for each protocol is formulated as
Furthermore, as observed from Fig.9 , EEp , Eq is non-convex in the SNR, while the outage probability is monotonically decreasing in the SNR and energy consumption is monotonically increasing, which is observed in Figs. 6 and 11, respectively. We maximize the energy efficiency as follow Maximize EEp , Eq subject to P S`PR ď P, pn, P q ď th , 100 ď n ď 10000.
This problem is equivalent to minimize the outage probability with respect to PS , PR and blocklength n˚. Since we aim to compare the performance of cooperative schemes, we do not focus on the proposal of a particular solution, but we resort to numerically efficient algorithm. Therefore, we resort to f mincon implemented in Figure 10 Energy efficiency of DF, SC and MRC scenarios under EPA and OPA strategies. This figure compares the energy efficiency in DF, SC and MRC cooperative schemes under EPA and OPA strategies as a function reliability. We show that under EPA, MRC is the most energy-efficient strategy while with OPA strategy, SC becomes the most energy-efficient protocol.
Matlab and use interior point algorithm to solve the nonlinear optimization problem as detailed in [46] . We consider outage probability threshold in an interval of interest as 10´5 ă th ă 10´2. At each outage probability value, we numerically determine PS , PR and blocklength n˚that maximize the energy efficiency. We apply the numerical optimization due to the nonlinear constraint on the outage probability pn, P q ď th . 10 compares the energy efficiency of cooperative schemes in terms of probability of successful transmission under two distinct power constraints. In this paper, we assume P T X " 97.9 mW, P RX " 112.2 mW and the drain efficiency φ " 0.35 according to the power consumption values reported in [49] . Under EPA strategy, MRC is the most energy efficient scenario among other cooperative scenarios as it consumes less transmit power shown in Fig.6 , and has lower latency in URR while under OPA, SC becomes the most energy efficient protocol as we show in Fig.8 it reduces the latency and the total power consumption is less than that of MRC. Since Fig.5 indicates that in order to perform in URR, we should allocate more power to the source where η is equal to 0.6 and 0.7 for SC and MRC, respectively. Hence, more power is allocated to the source of MRC than that of SC; thus, MRC becomes less energy efficient compared to SC under OPA strategy. Fig.11 compares the total consumed energy in each of studied cooperative scenarios under EPA and OPA strategies. Under EPA, as we expected MRC is superior and consumes less transmit power compared to DF and SC protocols, while with OPA, SC outperforms MRC and becomes most energy efficient protocol. In addition, with the maximum transmit power of 20 dB, and no feasible solutions are found for DF protocol under stringent reliability requirements, which evinces the need for more sophisticated cooperative protocols. Feasible solutions are found if the transmit power increases, but it would be spectrally and energy insufficient.
Conclusions
In this paper, we assess the relay communication under the finite blocklength regime under Rayleigh fading. Performance of three relaying scenario, namely DF, SC and MRC is compared to direct transmission under two distinct power constraints socalled EPA and OPA. Based on the outage probability analysis of each transmission protocol, we show that relaying improves the probability of a successful transmission and guarantees ultra-high reliability with FB codes. MRC protocol is less affected by the coding and provide higher reliability compared to DT and two other relaying scenarios. In addition, we numerically show the optimal power allocation for the relaying protocols under study so to operate in URR. Our results shows that operation at URR is feasible by allocating more power to the source; however, relay node is considered to provide additional diversity gain compared to the DT which is more evident at high SNR regime. We compare the studied cooperative schemes in terms of latency and energy efficiency under the two distinct power constraints. According to the results, with equal power allocation at source and relay, MRC is the most energy efficient protocol with lower latency and power consumption compared to the other scenarios while SC has the highest energy efficiency and lowest latency under optimal power allocation strategy. Moreover, we provide the outage probability in closed form and prove the accuracy and appropriateness of our analytical model through numerical results. Finally, in our future work, we will focus on the impact of imperfect channel state information on URLLC.
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